Nickel-Catalyzed Suzuki-Miyaura Cross-Coupling in a Green Alcohol Solvent for an
Undergraduate Organic Chemistry Laboratory Figure S2 . Nickel as an attractive alternative to palladium. Figure S3 . Examples of top selling drugs which contain bis(heterocycle) motifs.
By shifting from palladium to nickel, there are also opportunities in the realm of 'green chemistry'. 'Green chemistry', or the design of chemical processes that reduce or eliminate the use of hazardous and environmentally unfriendly substances, is one of the most important modern initiatives in the chemical sciences. 5 For instance, the pharmaceutical sector is readily embracing more 'green' processes to circumvent many unfavorable aspects of drug production, including the use of unrecoverable starting materials, excessive use of environmentally unfriendly organic solvents for separation and purification, and use of toxic reagents. It is estimated that 25-100 kg of waste is produced per kg of drug produced in a 6-8 step industrial drug manufacturing process. 6 Of this waste, 85% consists of organic solvent. 6 Therefore, the ability to efficiently carry out cross-coupling reactions in more environmentally friendly 
Mechanism of the Suzuki-Miyaura Coupling
The general mechanism of the Suzuki-Miyaura cross-coupling reaction, catalyzed by the nickel catalyst used in this laboratory, is outlined in Figure S4 . 2d The first step of the proposed mechanism is to generate an active Ni (0) catalyst. This is achieved by the boronic acid, which reduces the starting Ni(II) pre-catalyst to a related Ni (0) where the organic fragment attached to boron is transferred to the nickel center. This is facilitated by the presence of base. 9 In the final step, reductive elimination forms the key C-C bond and regenerates the active Ni(0) catalyst, which, in turn, can re-enter the catalyst cycle. Figure S4 . Proposed reasonable mechanism of the nickel-catalyzed Suzuki-Miyaura coupling.
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C. Experimental
Safety Hazards and Considerations
Closed-toed shoes, long pants, safety glasses, gloves, and flame-resistant laboratory coats
should be worn at all times. All hazardous materials should be handled and disposed of in accordance with the recommendation of the materials' safety data sheet and EH&S.
Bis(tricyclohexylphosphine)nickel(II) dichloride (NiCl 2 (PCy 3 ) 2 ) and heterocyclic boronic acids may be harmful if inhaled, swallowed, or absorbed through skin. 5-Bromopyrimidine and potassium phosphate are irritants and may be harmful if inhaled, swallowed, or absorbed through skin. Tert-amyl alcohol is an irritant and may therefore cause skin and eye irritation; it is also flammable and may be harmful if inhaled, swallowed, or absorbed through skin. Hydrochloric acid and sodium hydroxide are corrosive and can cause burns to skin, eyes, and respiratory tract.
Stock solutions of 1 M aqueous hydrochloric acid (HCl) and sodium hydroxide (NaOH) should be used and prepared in a fume hood. Ethyl acetate and hexanes are flammable and volatile organic solvents. The n-hexane in hexanes is a neurotoxin. CDCl 3 is toxic and a cancer suspect agent. The products of the coupling are not considered harmful, but care should be taken to avoid inhalation or contact with skin. Stirring-hotplates should be used inside the fume hood and kept away from flammable solvents. When the reaction is quenched with HCl, the reaction mixture should be at room temperature (see page S11).
Experimental Procedures
Note: students will be randomly assigned one of two heterocyclic boronic acids (see Figure   S5 ). After completing the experiment, purification, and NMR analysis, students will determine which boronic acid they were given and the structure of the cross-coupled product. Students must support their structural assignment based on their collected NMR data. Figure S5 . Cross-coupling reaction between 5-bromopyrimidine and a heterocyclic boronic acid. Weigh the coupling product and calculate the isolated and percent yield. Prepare a sample for NMR analysis: measure about 50 mg of the product into a test tube and dissolve the product in roughly 1 mL of CDCl 3 and then transfer the resulting solution to an NMR tube by pipette.
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Acquire 1 H and 13 C NMR spectra. Analyze your NMR data, along with the attached NMR data for 5-bromopyrimidine, to identify the unknown boronic acid and the cross-coupled product.
Pre-Lab Handout
